Brain-derived neurotrophic factor (BDNF) acting through the tyrosine kinase B receptor (TrkB) is thought to be a critical mediator of learning. As there are no available selective antagonists of TrkB, we used a lentivirus encoding a dominantnegative TrkB (TrkB.t1) to antagonize BDNF signaling during extinction of conditioned fear. Whereas TrkB.t1-infected rats showed normal within-session extinction, their retention of extinction was impaired, suggesting that amygdala TrkB activation is required for the consolidation of stable extinction memories.
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The persistence of fear memories is thought to be a major contributor to the morbidity associated with a number of psychiatric disorders, including post-traumatic stress disorder, panic disorder, and specific and social phobia 1 . Although currently available anxiolytic medication can be helpful in decreasing symptoms, the most effective means of specific treatment for these disorders includes exposure-based psychotherapy that targets the specific fear. This form of treatment relies on the underlying process of extinction of fear. Our group has recently had success in using agents that augment extinction in rodent models to successfully enhance the treatment of specific phobias in humans 2 . By understanding the mechanisms of encoding and consolidation of extinction, new and powerful treatment modalities may become available.
The extinction of fear involves new learning of an inhibitory signal that competes with the previously learned fear memory. Extinction is dependent upon the basolateral nucleus of the amygdala (BLA) 3, 4 and the infralimbic cortex 5, 6 . Within the BLA, it is probably dependent on the NMDA receptor 3,4 and on voltage-gated calcium channels (VGCCs) 7 . Notably, recent evidence suggests that the extinction of fear and the extinction of drug use may involve similar mechanisms within the BLA (ref. 8) . However, despite a wealth of behavioral data, there is limited understanding of the molecular mechanisms mediating the acquisition and consolidation of extinction learning.
BDNF acting on the TrkB receptor within the amygdala is required for normal learning of conditioned fear 9 . To examine its role in extinction, we first examined whether expression of the gene encoding BDNF is altered following the extinction of conditioned fear. Rats were fear-conditioned with 2 d of 10 light-shock pairings (Supplementary Methods and Supplementary Fig. 1 online) . One day later, they were given a pre-extinction test so that they could be matched into two groups with similar levels of conditioned fear. Four days later, the rats were extinction-trained by exposure to 90 lights without shocks; they were then killed after 30 min, 2 h or 4 h. Other rats were fearconditioned but not extinction-trained, and were killed from their homecage or after exposure to the extinction-training context (Fig. 1a) .
We found significantly increased expression of Bdnf mRNA within the BLA (Fig. 1a-b ) of the 2-h postextinction group compared to the homecage group and the 30-min and 4-h postextinction groups (P o 0.05). This difference was not attributable to context exposure alone as an additional replication study showed no increase in Bdnf mRNA in a context-only exposure group compared to the extinction-trained groups (Fig. 1a) . These data suggest that increased Bdnf mRNA transcription or stability is associated with the extinction of fear memory. The level of Bdnf mRNA expression is related to the level of BDNF release and TrkB activation 9 . The increase in Bdnf mRNA in the 2-h postextinction group, but not in the 30-min or 4-h postextinction groups, is consistent with findings that there are several 'molecular peaks' during the consolidation of memory (for example, see ref. 10 ).
We do not know with certainty whether the increase in mRNA at this time point represents a homeostatic increase in transcription in order to replace BDNF peptide that had been previously released from vesicle pools or, alternatively, whether Bdnf mRNA is increased concomitantly with increasing BDNF release to enable greater TrkB activation during the late consolidation phase of memory formation. To more directly investigate the role of the activation of the receptor for BDNF in the formation of extinction memories, we examined the effects of manipulating the TrkB receptor. As there are no available pharmacological antagonists to block TrkB, we used a viral gene-delivery system to express a dominant-negative truncated TrkB receptor (TrkB.t1) 9, 11 in BLA neurons. This protocol allowed us to examine whether genetic antagonism of TrkB-mediated signaling in BLA neurons prevents the initial acquisition of extinction and/or the retention of extinction memory.
Rats were fear-conditioned and matched into two groups with equivalent levels of conditioned fear, before virus infusion. One day later, a lentivirus encoding either green fluorescent protein (GFP) or TrkB.t1 was infused into the BLA bilaterally. Extinction training (90 lights with no shocks) was performed 12-14 d after the viral infections, and rats were tested for conditioned fear 1 h and 2 d after extinction. The rats were then killed, and their brains were sectioned and immunostained to visualize the site of injection and the amount of TrkB.t1 and GFP expression (Fig. 1c-f) . Only data from rats that received infusions directly within the BLA were analyzed in the behavioral studies. TrkB.t1 infection within the amygdala does not affect the expression of conditioned fear 9 . Therefore, any differences between the experimental and control groups would be due to the acquisition or consolidation of the extinction memory. We found that rats infected with the TrkB.t1 dominant-negative virus demonstrated more fear than those with the GFP virus (Fig. 2a) when tested 2 d after extinction training, suggesting that genetic blockade of the TrkB receptor prevents the retention of extinction memories. We wondered whether the blockade of extinction with TrkB.t1 prevented the initial encoding of the extinction process or the consolidation of extinction memories. To address this, we altered our extinction protocol so that we could examine both within-session and between-session extinction. Rats were trained and injected as above. In this experiment, however, extinction occurred over multiple days of testing; tests were administered every 2 d and each involved 30 lightstartle trials intermixed with 30 startle-only trials (to measure fearpotentiated startle). This 'slow extinction' approach provided extinction training while also allowing us to measure fear within each extinction session.
Rats expressing TrkB.t1 demonstrated significantly (P o 0.05) decreased extinction (Fig. 2b) across several days of extinction training and testing, as compared to rats expressing GFP (which showed marked extinction across days). The impairment of extinction in TrkB.t1-infected rats was not complete, however, as there appeared to be some level of extinction occurring over the first 2 d, perhaps due to incomplete TrkB.t1 infection within the amygdala. An alternative explanation for this partial deficit is that other non-BDNF mechanisms are also involved in extinction (for example, the NMDA receptor 4 and the VGCC (ref . 7)), and these may allow for partial consolidation in the absence of normal TrkB activation.
To compare rates of within-session extinction between the two groups (Fig. 2c) , the first 3 d of repeated extinction testing were combined, and the level of fear for each rat at the beginning of testing was normalized to 100%. We observed that there was no difference between the groups in the rate of within-session extinction (Fig. 2c,d) . However, whereas the GFP-infected rats showed progressive reductions in fear during the first block of trials across testing days (a measure of retention), rats infected with TrkB.t1 manifested fairly similar levels of fear at the beginning of each extinction session, even after 4 d of extinction training (Fig. 2c) , in contrast to their normal rates of within-session extinction. This suggests that these rats may initially encode the extinction memory within each session but are not able to consolidate it, making it unavailable for recall during subsequent sessions. This is similar to the effect seen following lesions of the ventromedial prefrontal cortex 5 or the systemic administration of an NMDA antagonist 12 .
Together, these data suggest that the TrkB receptor is not involved in the process of within-session encoding of fear extinction, but instead is required for the normal consolidation of extinction as measured during the retention test. These results are also consistent with findings from in vitro slice physiology showing that BDNF may be primarily involved in 'synaptic consolidation' of late-phase long-term potentiation (LTP) 13, 14 .
The dissociation of within-session extinction from extinction retention in the present study suggests that these are two separable phenomena. The role of the BDNF/TrkB system in extinction contrasts with the apparent role of the cannabinoid receptor type 1 (CB1) in mediating the extinction of fear, as it has been shown that CB1 antagonism prevents both within-session extinction ( Supplementary Fig. 2 online) and the retention of extinction 15 . Together with previous work 5, 12 , it seems that within-session extinction may be a necessary but not sufficient condition for the formation of stable extinction memories.
Clinically, this idea may have important implications, as different treatment strategies may be appropriate for patients with deficits in within-session extinction versus the retention of extinction. Moreover, these results imply that enhancing TrkB activation at the time of extinction learning, or shortly thereafter during the consolidation period, could enhance the process of consolidation and extinction retention. Furthermore, because we previously found that BDNF also is required for the consolidation but perhaps not the acquisition of fear learning 9 , a BDNF antagonist given after the experience of trauma may decrease trauma memory consolidation and thus block the later onset of post-traumatic stress disorder.
